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NON-DESTRUCTIVE EVALUATION OF THE CURING OF RESIN AND 
PREPREG USING AN ACOUSTIC WAVEGUIDE SENSOR 
ABSTRACT 
R. T. Harrold and Z. N. Sanjana 
Westinghouse RlD Center 
1310 Beulah Road 
Pittsburgh, PA 15235 
This paper will discuss a new technique that is currently being 
developed to monitor, in-situ, the cure of thermosetting materials. An 
acoustic waveguide is embedded within the thermosetting material as it 
cures. Monitoring the attenuation and transit time of ultrasound 
transmitted through the waveguide provides information on the curing 
process. Subsequently, the waveguide can be used to monitor impact 
damage and externally imposed stresses. Relative advantages of the 
technique include the ability to interrogate large volumes of the 
material, compatibility with host material and the potential for lifetime 
monitoring of material properties. 
Experiments with the cure of 3501-6 epoxy resin and AS4/3501-6 
graphite-epoxy prepreg will be described in this paper. The waveguide, 
which is a solid rod, is embedded within the curing material which is 
either in an oven or a press. Externa! to the curing environment, at 
both ends of the waveguide are bonded piezoceramic sensors which are used 
to transmit and receive ultrasound. The change in the peak amplitude and 
transit time of the signal through the waveguide are measured. We have 
found these parameters to be very sensitive to changes in the viscosity 
and rigidity of the surrounding medium which take place during cure. 
Experiments with two different waveguides, a polymer-glass composite and 
a metal waveguide, indicate a strong attenuation of the signal with 
increasing viscosity and a strong minimum in amplitude at or near 
gelation. After gelation, the signal attenuation decreases as the 
rigidity of the polymer increases with cure in the solid state. 
Preliminary results indicate that a rapid increase in .transit time 
(slower acoustic wave velocity) accompanies the liquid-to-solid 
transition (gelation). 
INTRODUCTION 
The performance, safety and life of materials and composites are 
closely linked to non-destructiva evaluation (NDE) techniques applied 
both during and after manufactura, and periodically throughout their 
lifetime. Various ultrasonic methods have now become established for NDE 
and quality control of resins and composites, e.g., an acoustic beam 
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transmitted through a thin laminate during cure can be used to monitor 
viscosity [1] changes and help pinpoint gelation. However, this form of 
cure monitoring is usually restricted to one small area of a large 
specimen, and can be difficult to apply in hostile and difficult to reach 
locations, such as an autoclave. Another valuable acoustic NDE method 
which is used after laminate manufactura, employs an ultrasonic beam 
transmitted and received by water jets [2] which scan large areas 
searching for voids and delaminations. Acoustic NDE methods which detect 
delaminations and methods which listen to sounds [3] from internal 
microcracks could also be used during a material lifetime, but obvious 
complications arise due to the need for multiple sensors and wiring, and 
due to the material environment and location. A very important factor 
common to NDE methods, whether acoustic waves, x-rays or other forms of 
radiation are used, is that they all attempt to internally examine a 
resin or laminate from the outside. A new technique under development in 
which acoustic waveguides are embedded within laminates now offers a 
means of internal examination from the inside. This means, as will be 
emphasized in this paper, that not only can acoustic waveguides be used 
for internally monitoring the cure of a laminate, but subsequently, are 
available for stress, strain and internal microcrack NDE monitoring 
throughout the laminate lifetime. 
ACOUSTIC WAVEGUIDE MONITORING 
The broad concept [4-7] of acoustic waveguide NDE monitoring 
involves embedding an acoustic waveguide within a resin or composite so 
that the change in attenuation of acoustic waves transmitted along the 
guide can be used to monitor cure during manufactura, and subsequently, 
to monitor internal stresses and strains during the material lifetime. 
In addition, the waveguide system acts as an extremely sensitive internal 
microphone so that the sound from curing can be recorded, as well as 
sounds from internal microcracks, delaminations and fiber breakage which 
may occur during the lifetime of a composite. 
A schematic in Figure 1 outlines one approach we have used to 
monitor the cure of resins and composites. An acoustic waveguide of 1.5 
mm diameter polyester-fiberglass is centrally located inside a mold when 
a resin casting is involved, or in between sheets of prepreg when 
laminates are involved. The waveguide then passes through acoustic, heat 
and vacuum isolation seals depending on whether an oven, press or 
autoclave is used for curing, and acoustic transmitters/receivers are 
bonded to the waveguide terminations which are in a safe environment. 
The procedure is then to transmit pulsed acoustic wavetrains (N70 kHz) 
through the waveguide and oscillographically record the wave transit time 
and peak value of received signal throughout the cure cycle. A TV camera 
and VCR are used to record the signals on the oscilloscope screen so that 
rapidly changing signals can be analyzed later. Monitoring of the cure 
of a resin and a !aminate, using both a polyester-fiberglass and a 
nichrome acoustic waveguide, will be described in detail later. 
THE RESPONSE OF THE ACOUSTIC WAVEGUIDE NDE SYSTEM TO ACOUSTIC IMPEDANCE 
AND VISCOSITY CHANGES IN THE ROST MATERIAL 
The acoustic impedance of a material is simply the product of the 
material density (p) and the acoustic wave2velocity (c) within the 
material, and is expressed as (pc) in kg/m s. This factor is very 
important, because changes in the acoustic impedance of a material 
surrounding an acoustic waveguide strongly influence the attenuation of 
acoustic waves transmitted along the waveguide. For example, with an 
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acoustic waveguide in air, there is such a large mismatch between the 
acoustic impedance of air and the waveguide, tha.t pra.ctica.lly a.ll the 
acoustic waves sta.y within the guide. On the other hand, if the 
waveguide was buried within a host material with the same acoustic 
impeda.nce as the guide, considerable acoustic wave attenuation could 
occur. 
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Figure 1. Schematic of instrumentation and systems used for acoustic 
waveguide cure monitoring of resin and graphite/epoxy 
composite. 
The effects of acoustic impeda.nce on waveguide attenuation ca.n be 
readily demonstrated by simply pla.cing small specimens of different 
materia.ls on the waveguide surfa.ce under controlled and repeatable 
pressure (1 kgm weight), and nating the effects on the attenua.tion of 
acoustic waves transmitted a.long the waveguide, Figure 2 (from Ref. 6). 
In this figure, data from seven different materials ranging from cork, 
Teflon a.nd polypropylene to brass and a.luminum, are plotted versus 
acoustic wave velocity, and changes in acoustic wa.ve attenuation are very 
evident. For example, Teflon (1 dB attenua.tion, and aluminum, almost 10 
dB attenuation. Clearly then, the transmission of acoustic waves within 
a guide will vary wi th changes in the acoustic impedance of the material 
surrounding the waveguide. 
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Figure 2. Change in wave attenuation within acoustic waveguide when 
material specimens are "pressed" on waveguide surface, versus 
wave velocity in specimen. 
The acoustic impedance (pc) experiment demonstrated the importance 
of the density of a host material on the wave transmission within an 
embedded acoustic waveguide, which of course, infers that any liquid-to-
solid transition within a host material would also cause changes in 
acoustic wave attenuation. This is readily checked by ănserting an 
acoustic waveguide through a container holding a few cm of castor oil, 
for example, and measuring the acoustic wave transmission through the 
waveguide as the castor oil temperature is reduced to -3o•c and returned 
to room temperature, Figure 3 (from Ref. 5). Almost two orders of 
magnitude of signal change occur, which are obviously closely related to 
changes in the liquid viscosity, Table I. 
TABLE I 
COMPARISON OF WAVEGUIDE TRANSMITTED SIGNAL AND 
VISCOSITY VALUES FOR CASTOR OIL IN RELATION TO TEMPERATURE 
Temp . COC) o 10 20 30 40 50 60 70 
Viscosity (cP) 2420 986 451 231 125 74 43 
Acoustic Signal 85 110 127 140 140 140 140 
(mV, 66 kHz) 
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Figure 3. 
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Change in waveguide transmitted signal versus castor oil 
temperature when Ng ce of castor oil surround a 6 cm length 
of waveguide. 
ACOUSTIC WAVEGUIDE NDE OF THE CURING OF A RESIN AND A PREPREG 
In Figure 4, the sonic cure curve is displayed for 3501-6 epoxy 
resin together with the cure temperature profile versus time. As 
explained earlier, the acoustic waveguide system is very sensitive to 
density changes in the surrounding media, and as the resin softens and 
flows, changes occur in the acoustic wave attenuation. As the resin 
begins to polymerize and harden, the magnitude of the transmitted 
acoustic signal falls rapidly (4 orders of magnitude) to reach a minimum 
at gelation (liquid-to-solid transition) which occurs at about 170 
minutes into the cure cycle. The signal then rises (3 orders of 
magnitude) to a new level which does not change greatly throughout the 
remainder of the cure cycle. As these experimental data were obtained 
using a 1.5 mm diameter polyester-fiberglass waveguide which may possibly 
have been influenced by the curing temperature (180°C), it was decided to 
try a nichrome waveguide. The data for the experiment repeated with a 
nichrome (80 Ni, 20 Cr) waveguide, Figure 5, indicate a similar sonic 
cure pattern to that obtained with the non-metallic waveguide. Gelation, 
or the minimum acoustic signal level, occurs at about 170 minutes into 
the cure cycle with a large reduction in signal magnitude, which confirms 
the validity of the measurements made with the non-metallic acoustic 
waveguide . Experiments with AS4/3501-6 graphite-epoxy prepreg (36 sheets 
of gn x 91 , 0-90•, with a waveguide passing through the center), for a 
polyester-fiberglass waveguide, Figure 6, and a nichrome waveguide, 
Figure 7, give essentially the same results as those found for the resin 
alone. Throughout all these experiments, the acoustic wave transit time 
(wave velocity) was measured, and generally, near gelation, a large 
increase in transit time (slower wave velocity) occurs, and this 
phenomenon is being investigated further. 
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Figure 4. 
Figure 5. 
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Acoustic cure monitoring of graphite-epoxy prepreg using a 
nichrome waveguide. 
THE POTENTIAL FOR NDE DURING A MATERIAL LIFETIME 
Apart from NDE of the curing of a resin or prepreg, embedded 
acoustic waveguides are available for NDE during a material lifetime. 
They can be used in the transmit-receive mode, and then will respond to 
stressing of a part or structure [7], or can be used simply in a 
listening mode, where acoustic emissions from interna! microcracks or 
externa! impacts are sensed. The response to externa! impacts of an 
acoustic waveguide embedded within a graphite-epoxy composite is 
illustrated in Figure 8 (from Ref. 5). These data were mostly obtained 
by dropping small metal spheres on the composite surface, but the extreme 
sensitivity of the system can be judged by dropping an ordinary salt 
grain on the surface, which yields a 1000 pV signal. 
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Figure 8. 
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impact of different mass metal spheres on surface of 
graphite-epoxy composite. 
The thrust of this paper has been directed toward the acoustic 
waveguide NOE of the curing of resin and prepreg. It has been shown that 
the embedded waveguide system responds to small changes in the acoustic 
impedance and viscosity in the curing host material, and can be used to 
accurately pinpoint gelation. Although this new acoustic waveguide 
technology is in its early development stage, it is anticipated that 
apart from NOE cure monitoring, the system will be extremely valuable for 
NDE stress, strain and impact sensing throughout a material lifetime. 
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DISCUSSION 
From the Floor: Could you comment on how you couple the acoustic power 
to a waveguide that size? 
Mr. Z. N. Sanjana, Westinghouse: Oh, the transducer has a little end 
that we just glue it into. 
From the Floor: How much efficiency does that --
Mr. Sanjana: How much efficiency do we lose in that joint? I don't 
rightly know. I mean, we don't have any trouble. Most of the re-
sults you saw here were from 1 volt at the transducer, and with 
our present setup, we can go to 15 volts, and with the McDonald 
setup, we will be able to go to 100 volts. So I don't think power 
is going to be a problem. 
Mr. David Kranbuehl, William and Mary: I would think this might be very 
sensitive to and, thereby, a means of, monitoring the compaction; 
that is, the proximity of the graphite and so forth, layers to each 
other. 
Mr. Sanjana: Yes. Part of the reason why we see the effect of gelation 
in that is the (shrinking) that takes place during some point in 
the cure, but that's not the only effect. It's complex. 
Mr. Kranbuehl: In the domain measurements in prepreg, orare these in .. 
Mr. Sanjana: We do not get pressure on cured panels; just stress. Like 
I said, I can give you the reference for that. That's going to 
be published in a couple months. But we can flex the panel and 
see the changes in the output. It's quite substantial. We put 
only about 5 percent of optimum stress and you can see a fairly 
significant change in the sonic output as you flex the laminate 
up and down. 
From the Floor: How compatible is really compatible in this case? If 
you are putting a graphite/epoxy rod, it's going to have a certain 
fiber orientation. It's going tobe pre-cured before you put it 
in. 
Mr. Sanjana: Hopefully, if you make it out of the same resin and fiber 
and the final resin content is 32 percent like the final laminate, 
and we put it in a layer, where the fibers run in the same direction .. 
Once that's done, it should be compatible. I don't see why it wouldn't 
be. The key question is when we do that, is that towards the end 
of cure, we may not be as sensitive because the acoustic impedances 
would be very similar. 
From the Floor: You are not going to have a waveguide. 
Mr. Sanjana: I know. And I agree that that may bea problem. So that's 
a tradeoff. Maybe we can use kevlar reinforced waveguides. Kevlar 
fibers are used now in graphite prepreg, so maybe perhaps we can 
just use kevlar (waveguides) and not compromise the strength of 
the material that much. 
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